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(54) Titie: MESA SCHOTTKY DIODE WITH GUARD RING 
(57) Abstract 

A Schottky banricr diode (5) 
comprises a bulk single crystal semi- 
conductor material substrate ( 10), an 
optional first epitaxial layer (15) of 
n-type conductivity semiconductor 
material formed i^on the substrate, 
and a second epitaxial layer (21) 
of n-typc conductivity semiconduc- 
tor material formed upon the first 
epitaxial layer. The second epitax- 
ial layer has formed on it a Schot- 
tky contact (41) having the periph- 
ery of which is defined by the edges 
of the Schottky contact The sec- 
ond ^itaxial layer has formed in 
it regions (3 1 ) of p-type conductiv- 
ity semiconductor material formed 
wherein the regions (31) are formed 
about die periphery of the Schottky 
contact (41 ). The diode also has an 
ohmic contact (46) formed on the 
substrate opposite the q)itaxial lay- 
ers. The epitaxial layers of tlie diode 
form a mesa having sidewalls (S6) 
which define the periphery of the 
diode and extend downward through 
the regions (3 1 ) of p-type conductiv- 
ity semiconductor rea^rial and die 
epitaxial layer (15. 21). A method 
^ reducing leakage currait and in- 

-^ing breakdown voltage in a Schotticy barrier diode by forming p-type regions about the periphery of the Schottky contact etching 
>^agh the p-type regions to form a mesa. 
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MESA SCHOTTKY DIODE WITH GUARD RING. 

Field of the Invention 
The present invention relates to Schottky 
barrier diodes and more particularly to Schottky 
barrier diodes formed in silicon carbide. 
5 Background of the Invention 

As demands for higher speed, higher power 
devices increases , the need for diodes having faster 
switching speeds and increased reverse bias breakdown 
voltages has also increased. Applications such as 
10 power modules for motor and generator control, 

electronic ballasts for lighting control, industrial 
robots, display drivers, automotive ignition and 
automation control would all benefit from higher power, 
higher speed diodes. Unfortunately, existing 
15 implementations of higher speed Schottky barrier diodes 
or P-i-N diodes have had limited success in creating 
diodes with a high reverse bias breakdown voltage, a 
low leakage current and a low forward on- state 
resistance. 

20 One such device which attempted to raise the 

reverse bias breakdown voltage is the Junction Barrier 
controlled Schottky (JBS) rectifier. The JBS rectifier 
is a Schottky rectifier having an array of Schottky 
contacts at the face of a semiconductor substrate with 

25 corresponding semiconductor channel regions beneath the 
contacts. The JBS rectifier also includes a P-N 
junction grid interspersed between the Schottky 
contacts. This device is also referred to as a "pinch" 
rectifier, based on the operation of the P-N junction 

30 grid. The P-N junction grid is designed so that the 
depletion layers extending from the grid into the 
substrate will not pinch-off the channel regions to 
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forward-biased currents, but will pinch-off the channel 
regions to reverse -biased leakage currents. 

Under reverse bias conditions, the depletion 
layers formed at the P-N junctions spread into the 
5 channel regions, beneath the Schottky barrier contacts. 
The dimensions of the grid and doping levels of the p- 
type regions are designed so that the depletion layers 
intersect under the array of Schottky contacts, when 
the reverse bias exceeds a few volts, and cause pinch- 

10 off. Pinch-off of the channels by the depletion layers 
causes the formation of a potential barrier in the 
substrate and further increases in the reverse -biased 
voltage are supported by the depletion layer, which 
then extends into the substrate, away from the Schottky 

15 barrier contacts. Accordingly, once a threshold 
reverse -biased voltage is achieved, the depletion 
layers shield the Schottky barrier contacts from 
further increases in reverse -biased voltage. This 
shielding effect prevents the lowering of the Schottky 

20 barrier potential at the interface between the metal 
contacts and semiconductor substrate' and inhibits the 
formation of large reverse leakage currents. 

The design and operation of the JBS rectifier 
is described in Section 8.4 of Modern Power Devices by 

25 Baliga and in U.S. Patent No. 4,641,174. 

Unfortunately, the JBS rectifier typically possesses a 
relatively large series resistance and a relatively 
large forward voltage drop caused by the reduction in 
overall Schottky contact area dedicated to forward 

30 conduction. This reduction in area is necessarily 

ca4jsed by the presence of the P-N junction grid at the 
face of the substrate. In addition, large forward 
currents can cause large forward voltage drops and can 
lead to the onset of minority carrier conduction {i.e., 

35 bipolar), which limit the JBS's performance at high 
switching rates . 
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Other devices have reported reductions in on- 
state resistance but have not resulted in high reverse 
bias breakdown voltages. See for example, U.S. Patent 
No. 5,365,102. These efforts have also required 
5 increased area for fabrication of the diode device. 

Efforts have also been directed at improving 
diode performance through the use of alternative 
semiconductor materials such as silicon carbide. 
However, limitations in the design and fabrication of 
10 silicon carbide ("SiC") devices have resulted in the 
fabrication of SiC Schottky barrier diodes which 
exhibit less than predicted reverse bias 

characteristics. These devices have high reverse bias 
leakage currents and much lower reverse bias breakdown 

15 voltages than theoretically predicted for SiC devices. 
Furthermore, attempts to increase the breakdown voltage 
of Schottky devices require increased surface .area over 
that used by the Schottky contact as these attempts 
were to spread out the electric field horizontally to 

20 reduce the field crowding occurring at the periphery of 
the Schottky contact. These atteir^ts in the horizontal 
plane all required an increase in the surface area 
utilized by the diode device and thus reduced the yield 
of diodes per cm^ of wafer area. 

25 Therefore, there remains a need to develop 

high performance diodes which exhibit a high reverse 
bias breakdown voltage with low leakage currents. Also 
because of the physical properties of SiC there is also 
a need to develop structures and fabrication techniques 

3 0 which take advantage of the high thermal ..conductivity 
and other desirable properties to achieve the 
theoretical capabilities of SiC diodes. Furthermore, 
to mcLximize yield of a device which exhibits increased 
performance over traditional Schottky diode designs it 

35 would be desirable to provide such a device without 
increasing the area required for such a device. 
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Object and Summary of the Invention 
Therefore, it is an object of the present 
invention to provide a semiconductor device structure 
for a Schottky barrier diode which can be fabi-icated in 
5 Sic and which takes advantage of the high thermal 
conductivity of SiC. It is also an object of the 
present invention to provide a Schottky barrier diode 
with high reverse bias blocking voltage and with low 
reverse bias leakage current. It is also an object of 

10 the present invention to provide a Schottky barrier 
contact diode with improved reverse bias and leakage 
current characteristics without requiring additional 
area to create such a device . 

The present invention meets these objects 

15 with a Schottky barrier diode comprising a bulk single 
crystal substrate of n-type conductivity semiconductor 
material having a first surface and a second surface 
opposite the first surface. An epitaxial layer of n- 
type conductivity semiconductor material is formed on 

20 the first surface of the substrate. This epitaxial 
layer has a lower carrier concentration than that of 
the substrate. The diode according to the present 
invention also includes an ohmic contact formed on the 
second surface of the substrate opposite the epitaxial 

25 layer to provide a cathode contact. A Schottky contact 
is formed on the epitaxial layer to provide an anode 
contact . The Schottky contact has a periphery which is 
defined by the edges of the Schottky contact . The 
diode also includes regions of p-type conductivity 

3 0 semiconductor material formed in the epitaxial layer. 
These p-type regions are formed about the periphery o^ 
the Schottky contact and extend beneath the Schottky 
contact and past the edges of the Schottky contact . 
Between the p-type regions at the periphery of the 

35 Schottky contact there remains a region of contact 
between the n-type semiconductor material of the 
epitaxial layer and the Schottky contact. 



wo 97/27629 



PCTAJS97/00335 



-5- 

Additionally, the substrate, and the epitaxial layer of 
the diode of the present invention form a mesa having 
sidewalls which define the periphery of the diode. The 
sidewalls of the mesa extend dovmward through the 
5 regions of p-type conductivity and the epitaxial layer 
to the substrate. The diode of the present invention, 
is preferably made of silicon carbide. 

Optionally, the diode of the present may 
include an additional layer of n-type conductivity 

10 semiconductor material between the substrate and the 

epitaxial layer on which the Schottky contact is formed 
to provide first and second epitaxial layers 
respectively. This optional first epitaxial layer has 
a higher carrier concentration than the second 

15 epitaxial layer. The diode of the present invention 
may also include an insulating layer formed on the 
sidewalls of the mesa. 

The present invention also provides a method 
of reducing the leakage current and increasing the 

20 breakdown voltage of a Schottky barrier diode having a 
Schottky contact foormed on a lightly doped n-type 
conductivity epitaxial layer of semiconductor material . 
The method includes forming p-type conductivity regions 
in the n-type epitaxial layer of the Schottky barrier 

25 diode at the periphery of the Schottky contact of the 
diode. The diode is then etched through the p-type. 
conductivity region and through the n-type conductivity 
epitaxial layer to form a mesa. 

Brief Description of the Drawings 

30 Figure 1 is a cross-sectional view of a first 

embodiment of the present invention; and 

Figure 2 is a cross-sectional view of a 
second embodiment of the present invention. 



35 



Detailed Description 

The present invention provides a method and 
structure for increasing the breakdown voltage and 
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decreasing the leakage current of reverse biased 
Schottky barrier diodes. The present invention 
decreases the edge effects and field crowding present 
in previous Schottky barrier diodes and thus provides a 
5 Schottky barrier diode with increased breakdown voltage 
and decreased leakage current. The present invention 
provides a vertical Schottky contact diode having an n" 
epitaxial layer with heavily doped p-type conductivity 
regions at the periphery of the Schottky contact. The 
10 periphery of the diode is then defined by forming a 
mesa which passes through the p* implanted region and 
through the n" epitaxial layer. 

FiguM 1 illustrates one particular 
embodiment of the present invention. As seen in Figure 
15 1, diode 5 includes a first epitaxial layer 20 formed 
on a bulk single crystal substrate 10. The substrate 
10 is preferably formed of n-type silicon carbide. The 
epitaxial layer 20 is also preferably formed of n-type 
silicon carbide. The n-type. substrate 10 is preferably 
20 a heavily doped 4H silicon carbide substrate. The 

epitaxial layer 20 which is formed on the first surface 
of the substrate 10 is preferably a lightly doped n* 4H 
silicon carbide layer. As used herein, "n*" refers to 
regions that are defined by higher carrier 
25 concentration than are present in adjacent or other 
regions of the same or another epitaxial layer or 
substrate. Also, as used herein, "n'" refers to 
regions that are defined by lower carrier concentration 
than are present in adjacent or other regions of the 
30 same or another epitaxial layer or substrate. 

As is further illustrated in Figure 1, an 
ohmic contact 45 is formed on the surface of the 
substrate 10 opposite the surface on which the 
epitaxial layer 20 is formed. This ohmic contact may 
3 5 act as a cathode for the diode device. The diode 5 
also includes a Schottky contact 40 formed on the 
surface of epitaxial layer 20 opposite substrate 10 . 
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This contact acts as an anode contact for the diode 
device. The Schottky contact 40 has a periphery which 
is defined by the edges of the Schottky contact. 

Also, as shown in Ficrure 1, the diode 5 
5 includes regions of p-type silicon carbide 30 formed at 
the periphery of the Schottky contact 40. These p-type 
regions circumscribe the Schottky contact at its edges. 
As shown in Figure 1, the p-type regions 3 0 are formed 
about the periphery of the Schottky contact 40 and 

10 extend beneath the Schottky contact 40 and past the 
edges of the contact while maintaining a region of 
contact between the n' layer 2 0 and the Schottky contact 
40. Preferably the distance these p-type regions 
extend beneath the Schottky contact is kept to a 

15 minimum to provide as large a channel area in the n- 
type material of epitaxial layer 20. 

The diode 5 is also formed in the shape of a 
mesa 60. The mesa 60 has sidewalls 55 which extend 
through the p-type regions 30 of epitaxial layer 20 and 

20 extend downward to substrate 10. Optionally, the 

sidewalls 55 of the mesa 60 may extend into substrate 
10. The sidewalls 55 of mesa 60 are preferably formed 
as close to the edge of Schottky contact 4 0 as possible 
while still passing through the p-type regions 30. 

25 Thus, the sidewalls 55 of the mesa 60 which defines the 
periphery of the diode 5 have a face which includes an 
n-type epitaxial layer and a p-type region at its upper 
edge . 

Figure 2 illustrates an additional embodiment 
3 0 of the present invention. As seen in Figure 2, the 
diode 6 is comprised of a bulk single crystal n-type 
silicon carbide substrate 11 having a first surface and 
a second surface opposite the first. A n-type 
epitaxial layer 15 is formed on the first surface of 
3 5 substrate 11. In Figujre 2, the n-type substrate 11 and 
the epitaxial layer 15 are preferably both heavily 
doped n-type silicon carbide. A second epitaxial layer 
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21 is formed on the first epitaxial layer 15. The 
second epitaxial layer 21 is preferably a lightly doped 
n' 4H silicon carbide epitaxial layer. As with the 
device shown in Figure 1, the diode 6 of Figure 2 also 
5 has a Schottky contact 41 formed on the upper surface 
of the n* epitaxial layer 21. The diode € also has p* 
regions 31 foarmed in the epitaxial layer 21 at the 
periphery of the Schottky contact 41 . The diode 6 of 
Figure 2 is etched into a mesa SI the sidewalls of 

10 which extend downward through the epitaxial layer 21 
and into epitaxial layer 15. The sidewalls 56 of the 
mesa 61 are formed such that they pass through the p- 
type regions 31. 

Referring now to both Figure 1 and Figure 2, 

15 optionally, diode 5 or 6 may have an insulating layer 
50 or 51 formed on the sidewalls 55 or 56 of the mesa 
60 or 61. The insulating layers 50 or 51 may 
optionally extend to the upper surface of the p-type 
regions 30 or 31. 

20 In forming the mesa 60 or 61, it is preferred 

that the sidewalls 55 or 56 of the mesa begin as close 
as possible to the outer periphery of the Schottky 
contact 40 or 41, while still extending downward 
through the p-type regions formed in the epitaxial 

25 layers 20 or 21. Furthermore, the distance the p-type 
regions 30 and 31 formed in epitaxial layers 20 and 21, 
respectively, extend beneath the Schottky contacts 40 
and 41, respectively, should be minimized. In 
practice, the practical limitations will result in an 

3 0 overlap of the p-type regions with the Schottky contact 
of from about 0.5 to about 50 microns. Also, the 
sidewalls 55 or 56 of the mesa will begin from about 
0.5 to about 50 microns past the outer periphery of the 
Schottky contact. The depth of the p-type region 

3 5 within the epitaxial layer may be as little as 10 00 
angstroms or as deep as 5 microns. Also shown in 
Figure 2, the mesa 61 may optionally be etched through 
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epitaxial layer 15 into substrate 11, thus providing 
sidewalls 56 which extend downward through epitaxial 
layers 21 and 15 and into substrate 11. In such a 
case, the insulating layer 51 may be formed to cover 
5 both epitaxial layers. 

With respect to the shape of the sidewalls 55 
or 56 of the mesa 60 or 61, these sidewalls may be 
vertical and substantially perpendicular to the upper 
surface of the substrate 10 or 11. These sidewalls may 

10 also have a retrograde shape wherein the sidewalls 55 
or 56 intersect the upper surface of the substrate 10 
or 11 at an acute angle such that the mesa 60 or 61 
formed by the sidewalls 55 or 56 is narrower at the 
bottom than at the top. Finally, the sidewalls may 

15 also intersect the upper surface of the substrate 10 or 
11 at an obtuse angle such that the mesa 60 or 61 
formed by the sidewalls 55 or 56 is wider at the bottom 
than at the top. In such a case the bottom of the mesa 
formed should be substantially wider than the top. 

20 In operation, when forward biased by 

application of a positive voltage to the anode Schottky 
contact 40 or 41 with respect to the cathode contact 45 
or 46, current flows from the anode contact through the 
epitaxial layer 20 with respect to the diode in Figure 

25 1 or the epitaxial layers 21 and 15 with respect to the 
diode in Figure 2. Current then flows through the. 
s\ibstrate 10 or 11 and to the cathode contact -45 or 46. 
At vei^ higher forward voltages, the application of a 
forward bias to the structure of the present invention 

30 creates both the fo3rward biased Schottky barrier and a 
forward biased P-N junction which results from the p- 
type implanted regions 3 0 or 31. 

When reverse biased by application of a 
negative voltage to the anode Schottky contact 40 or 41 

3 5 with respect to the cathode contact 45 or 46 no current 
should flow from the anode contact through the 
epitaxial layer 20 with respect to the diode in Figure 
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1 or the epitaxial layers 21 and 15 with respect to the 
diode in Figure 2 and no current should flow through 
the substrate 10 or 11 and to the cathode contact 4 5 or 
46. The application of a reverse bias to the structure 
5 of the present invention also creates a reverse biased 
P-N junction at the periphery of the Schottky contact 
which is less susceptible to edge effects than Schottky 
barriers and when combined with the mesa structure 
would prevent the electric field crowding to thereby 

10 reduce leakage current and increase breakdown voltage. 
In fabricating devices according to one 
embodiment of the present invention, the lightly doped 
n silicon carbide layers are epitaxial ly grown^ on a 
heavily doped n* silicon carbide substrate. The doping 

15 and thickness of the n" epitaxial layer is dependent 
upon the designed breakdown voltage of the device. 

In forward bias, where the anode of the 
device is at a positive voltage with respect to the 
cathode, the current density (J) through the device may 

20 be approximately predicted using the following 
equation : 

J = A^T^e e 

where A* is the Richardson Constant which is about 110 
Amps/cm^K^ for 4H SxC, 0b is the metal -semiconductor 
barrier height, q is the electron charge, V is the 

25 applied voltage, k is Boltzmann's Constant and T is the 
temperature in Kelvin. 

The leakage current density (J^,) for the 
device in reverse bias (when a negative volt;a-ge is 
applied to the anode with respect to the cathode) is 

30 approximately predicted by the following equation: 
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kT 



where is given by 0b - -^^b where A0b is given by the 
following equation : 



qe 



where E is the electric field at the metal -SiC junction 
and (Js is the permitivity of SiC which is 8.854 X 10'^^ 
5 farads/cm. 

The breakdown voltage. (BV) may be 
approximately predicted for 4H-SiC (assuming that W, 
the width of the n epitaxial layer is greater than 1.3 
X lO^^Nc,'*'''®- using the following equation: 

10 where No is the doping of the N" SiC epitaxial layer and 
Vfai is the built in voltage of the SiC Schottky barrier 
diode. may be determined using the following 

equation: 

where (f>^ is the work function of the metal used to form 
15 the Schottky contact, Xs is the electron affinity of SiC 
which is about 3.7 electron volts, is the conduction 
band edge and Ep is the Fermi level for SiC. 
Furthermore the difference E^ - E^ may be determined by 
the following equation: 



2 g Tij 



20 where Eg is the bandgap of SiC (about 2.36 for 4H SiC), 
K is Boltzmann's constant, T is the temperature, q is 
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the electron charge (1.6 X lO'^^C) , is the doping of 
the Sic at the metal -semiconductor junction and n^ is 
the intrinsic carrier concentration of SiC which is 
about 2.3 X 10"^^ cm"^ at room temperature. 
5 In each of the embodiments described above, 

the substrate is preferably formed of silicon carbide 
selected from the group of 2H, 6H, 4H, 15R or 3C 
silicon carbide and the epitaxial layers are formed of 
silicon carbide selected from the group of 2H, 6H, 4H, 

10 15R or 3C silicon carbide. As described above, most 
preferably the substrate and the epitaxial layers are 
formed of 4H silicon carbide. 

With respect to the p-type regions 30 and 31, 
these regions should be as heavily doped as possible 

15 without causing excessive fabrication defects. Carrier 
concentrations of greater than about 1 X 10^'' are 
preferred but the p* doping should be about an order of 
magnitude higher than the n' doping. Suitable dopants 
for producing the p-type regions include aluminum, 

20 boron or gallium. Carrier concentrations of up to 
about 3 X 10^*^ cm'^ are suitable for the n' epitaxial 
layers 2 0 and 21, however, carrier concentrations of 
about 3 X 10^^ or less are preferred. Suitable dopants 
for producing the n epitaxial layer include nitrogen 

25 and phosphorous. The optional n' epitaxial layer 15 is 
also preferably formed of n-type conductivity silicon 
carbide with carrier concentrations of greater than 
about 2 X 10" and preferably greater than about 2 X 
10" cm'^. Suitable dopants for producing the n* 

30 substrate and epitaxial layer include nitrogen or 
phosphorous. For the n' regions of the diodes-. 
described above, including the substrate and epitaxial 
layers, carrier concentrations of about 5 X 10^'' are 
suitable but carrier concentrations of about 1 X 10^® 

3 5 or higher are preferred. 

The ohmic contacts 45, and 46 are preferably 
formed of nickel or other suitable metals. The 
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Schottky contacts 40, and 41 are preferably formed of 
platinum or platinum silicide, titanium or gold, 
however, other metals known to one skilled in the art 
to achieve the Schottky effect may be used. . 
5 Fabrication of devices according to the 

present invention begins with a starting material of a 
n* heavily doped silicon carbide bulk single crystal 
substrate. A lightly doped n' epitaxial layer- is then 
. formed on the substrate through chemical vapor 

10 deposition. Optionally/ the n' layer is formed on an n* 
epitaxial layer which is also grown by chemical vapor 
deposition on a bulk single crystal silicon carbide 
substrate. Methods of forming such epitaxial layers 
are described in United States Patent No. 4,912,064, 

15 the disclosure of which is incorporated entirely herein 
by reference as if set forth fully. 

After growth of the n' epitaxial layer, a 
masked deep p-type implant is performed to define the 
p-type regions about the periphery of the anode or 

20 Schottky contact. Methods of forming a p-type 

implanted region are described in United States Patent 
No. 5,087,576, the disclosure of which is incorporated 
entirely herein by reference as if set forth fully. 

The diode mesa is then formed by a masked 

25 etch which isolates adjacent devices and removes a 

portion of the p-type implanted region. The depth of 
the etching and the mask utilized depends upon the 
physical configuration of the particular device . 
created. Furthermore, the depth of the trench is 

3 0 dependent upon whether the mesa is to be formed into 

the s\ibstrate or into the optional n* epitaxial layer as 
illustrated in Figure 2. Methods of etching such a 
mesa are known to those of skill in the art and include 
methods of reactive ion etching such as those described 

35 in United States Patent No. 4,981,551, the disclosure 
of which is incorporated herein by reference as if set 
forth fully. 
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Optionally, an insulating layer of SiO^, Si3N4 
or other various forms of glasses may be deposited or 
thermally grown over the entire top surface of the 
wafer including forming an insulating layer down the 

5 sidewalls of the mesa. Such an insulating layer may be 
formed by methods known to those of skill in this art, 
such as those described in United States Patent No. 
5,459,107. Thicknesses of greater than about 500 
angstroms are preferred and more preferably thicknesses 
10 of greater than 1 micron. 

A cathode contact is formed on the back side 
of the substrate by forming an ohmic contact through 
the deposition and annealing of metal. Next, a masking 
step opens windows for the etching of the insulating 

15 layer and the subsequent deposition of Schottky metal. 
The mask opens windows such that the Schottky metal 
overlap of the p-type region of the device is minimized 
while maintaining overlap of the remaining upper 
surface of the mesa. The insulating layer is then wet 

20 etched and subsequently cleaned. Cleaning may be 

accomplished by a preclean of acetone, methanol and 
water for 5 minuteis each followed by a hot HCL dip to 
remove surface metal contaminants. A water rinse and 
alkaline solution (such as NH^OH/HzOa) will remove 

25 organic impurities. A Schottky metal is then 

deposited over the top of the entire wafer. The photo 
resist dissolving solution then lifts off the Schottky 
metal from areas where the Schottky metal was not 
deposited directly on a silicon carbide surface. 

3 0 The present invention has been specifically 

described with respect to fabrication in silicon 
carbide which is the preferred embodiment of the 
present invention. However, as will be appreciated by 
those of skill in this art, the benefits of the present 

3 5 invention may be achieved through the use of other 
semiconductor materials such as silicon or gallium- 
arsenide. More particularly, the structure of the 
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present invention would provide benefits of increased 
reverise bias breakdown voltage and decreased leakage 
current if produced in other semiconductor materials 
than silicon carbide. However, the structures and 
5 methods of the present invention are particularly well 
suited to application in silicon carbide. 

In the drawings and specification, there have 
been disclosed typical preferred embodiments of the 
invention and, although specific terms are employed, 
10 they are used in a generic and descriptive sense only 
and not for purposes of limitation, the scope of the 
invention being set forth in the following claims. 
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THAT WHICH IS CLAIMED IS: 

1. A Schottky barrier diode comprising: 
a bulk single crystal substrate of n-type 
conductivity semiconductor material having a first 
surface and a second surface opposite said first 
5 surface ; 

an epitaxial layer of n-type conductivity 
semiconductor material formed on said first surface 
wherein said epitaxial layer has a lower carrier 
concentration than that of said substrate; 

10 an ohmic contact formed on said second 

surface of said substrate opposite said epitaxial layer 
to provide a cathode contact ; 

a Schottky contact formed on said epitaxial 
layer to provide an anode contact wherein said Schottky 

15 contact has a periphery defined by the edges of said 
Schottky contacts- 
regions of p-type conductivity semiconductor 
material formed in said epitaxial layer wherein said 
regions are formed about the periphery of said Schottky 

20 contact and extend beneath said Schottky contact and 
past said edges of said Schottky contact while 
maintaining a region of contact between said n-type 
semiconductor material epitaxial layer and said 
Schottky contact; and 

25 where said substrate and said epitaxial layer 

form a mesa having sidewalls which define the .periphery 
of said diode, said sidewalls of said mesa extending 
downward through said regions of p-type conductivity 
semiconductor material and said epitaxial layer to said 
30 substrate . 



2, The diode of claim 1 further comprising 
a insulating layer formed on the sidewalls of said mesa 
to passivated the sidewalls of said mesa. 
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3 . The diode of claim 2 wherein said 
insulating layer also covers the portion of the upper 
surface of said p-type regions which extends past the 
edge of said Schottky contact . 

5 4 . The diode of claim 1 where said 

semiconductor material comprises silicon carbide. 

5. The diode of claim 4 where said silicon 
carbide comprises 4H polytype silicon carbide. 

6. A Schottky barrier diode comprising: 
10 a bulk single crystal substrate of n-type 

conductivity silicon carbide having a first surface and 
a second surface opposite said first surface; 

a first epitaxial layer of n-type 
conductivity silicon carbide formed on said first 
15 surface of said substrate; 

a second epitaxial layer of n-type 
conductivity silicon carbide formed on said first 
epitaxial layer wherein said epitaxial layer has a 
lower carrier concentration than that of said first 

2 0 epitaxial layer substrate; 

an ohmic contact formed on said second 
surface of said substrate opposite said first epitaxial 
layer to provide a cathode contact; 

a Schottky contact formed on said second 
25 epitaxial layer to provide an anode contact wherein 
said Schottky contact has a periphery defined by the 
edges of said Schottky contact; 

regions of p-type conductivity silicon 
carbide formed. in said second epitaxial layer wherein 

3 0 said regions are formed about the periphery of said 

Schottky contact and extend beneath said Schottky 
contact and past said edges of said Schottky contact 
while maintaining a region of contact between said n- 
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type silicon carbide epitaxial layer and said Schottky 
contact; 

where said second epitaxial layer forms a 
mesa having sidewalls which define the periphery of 
5 said diode, said sidewalls of said mesa extending 

downward through said regions of p-type conductivity 
silicon carbide and said second epitaxial layer to said 
first epitaxial layer. 

7, The diode of claim 6 wherein said mesa 
10 is formed by said first and said second epitaxial 

layers and wherein said sidewalls of said mesa extend 
downward through said p-type conductivity regions and 
through said first and said second epitaxial layers to 
said substrate . 

15 8. The diode of claim 6 further comprising 

a insulating layer formed on the sidewalls of said 
mesa . 

9. The diode of claim 8 wherein said 
insulating layer also covers the portion of the upper 

2 0 surface of said p-type regions which extends past the 

edge of said Schottky contact , 

10. The diode of claim 8 wherein said 
insulating layer is SiO?.. 

11. The diode of claim 8 wherein said 
25 insulating layer has a thickness of about 1 micron. 

12. The diode according to claim 6 wherein 
said silicon carbide comprises 4H polytype silicon 
carbide. 

13 . A method of reducing the leakage current 

3 0 and increasing the breakdown voltage of a Schottky 

barrier diode having a Schottky gate contact formed on 
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a lightly doped n-type conductivity epitaxial layer of 
semiconductor material, the method comprising;. 

forming p-type conductivity regions in the n- 
type epitaxial layer at the periphery of the Schottky 
5 contact of the diode; 

etching through the p-type conductivity 
region and through the n-type conductivity epitaxial 
layer to form a mesa. 

14 . The method of claim 13 further 
10 comprising the step of forming an insulating layer on 
the sidewalls of the mesa formed by said etching step. 

15. The method of claim 13 wherein the n- 
type conductivity epitaxial layer is formed on a first 
n-type epitaxial layer of higher carrier concentration 

15 and wherein said etching step comprises etching through 
the p-type conductivity regions and through the n-type 
conductivity epitaxial layer and through the first 
epitaxial layer to form a mesa. 

16. The method of claim 13 further 

20 comprising the step of forming an insulating layer on 
the sidewalls of the mesa formed by said etching step. 



17. The method according to claim 13 wherein 
the semiconductor material is silicon carbide. 
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